Abstract. The resonance fluorescence instrument for the measurement of atmospheric CO described by Volz and Kley [1985] was characterized in the laboratory and adapted for use on aircraft. A major finding was that the background signal is largely due to continuum resonance Raman scattering by molecular oxygen and thus cannot be reduced by better design. The instrument was deployed on the United Kingdom Meteorological Office ( 
Optimization of the Resonance Lamp
The microwave discharge lamp of the original instrument was replaced by a radio frequency discharge lamp (Quantatec) in order to save weight, space, and energy. The lampbody was modified to allow flow-through operation. The resonance lamp is operated with a mixture of CO2 in Ar at a pressure of 5-10 mbar [Fink, 1976] . Optimization of the lamp parameters (flow, pressure, CO2 mixing ratio) was achieved by monitoring of the fluorescence of 5 ppm CO in air and CO-free air, respectively, while the different parameters were varied. The best sensitivity was obtained with a mixture of 0.25% CO2 in Ar. The pressure dependence of the sensitivity for CO, the background signal, expressed in CO equivalents, and the reference signal (PMT 2) is shown in Figure 3 . For these experiments, the mass flow was maintained at 40 mL/min STP. It is seen, that the background increases steadily with pressure, whereas the sensitivity decreases at higher pressures. The largest signal-to-noise ratio is obtained at a lamp pressure of 8 mbar. The optimum pressure depends on flow rate and, hence, on the capacity of the pump. Without limited pump efficiency, the intensity of the lamp increases with increasing flow rate. The reason is that the CO emission is partially absorbed in the lamp itself by ground state Reasons for this behavior are that the quantum yield of PMT 2 is almost constant over the range of the fourth positive band of CO, whereas the CO absorption spectrum consists of narrow rotational lines. While the reference signal is a measure of the integral intensity of the CO lamp at the entrance to the fluorescence chamber, the fluorescence intensity of CO depends strongly on line width and rotational distribution of the lamp's emission spectrum. For example, pressure broadening in the lamp causes a decrease in sensitivity, but leaves the total emission intensity almost unchanged. Likewise, self absorption, that is, by CO molecules in the discharge, reduces mainly the emission lines with v" -0, which are responsible for excitation of the atmospheric CO (higher vibrational states are not occupied at room temperature), and affects the total output of the lamp to a lesser extent.
A similar behavior was found for changes in lamp temperature. The resonance fluorescence signal decreased at a rate of -1.2%/øC with increasing temperature, while the reference signal decreased only at -0.5%/øC. The decrease in lamp intensity is mainly due to a decreasing radio frequency output of the transmitter with increasing temperature. Another reason, although of lesser importance, is Doppler broadening of the rotational lines and changes in the population of the rotational levels with changing lamp temperature. The only parameter that produced proportional changes in sensitivity and reference signal is the supply voltage for the radio frequency circuit, a parameter, which is easy to control. Since under normal operating conditions, all parameters may vary simultaneously, a correction of the resonance fluorescence signal with the help of PMT 2, as suggested by A. Volz and D. Kley, is not possible.
In order to maintain a qtahle qenqitivitv it iq ncccqqnrv to control the relevant lamp parameters, that is, pressure, flow rate, temperature, and the supply voltage.
Influence of Oxygen
The signal measured by PMT 1 consists not only of the resonance fluorescence from CO (R2), but also of a so-called background signal, which is determined when CO-free air is sampled. The achievable signal-to-noise ratio (S/N, equation ( l/olz and Kley [1985] suggested to monitor the background, in addition to the measurement of CO-free air, by moving a suprasil window into the light path of the resonance lamp. The window absorbs radiation from the lamp at wavelengths <160 nm, so that the fluorescence is reduced by more than 3 orders of magnitude, and leaves the intensity at wavelengths > 160 nm nearly unchanged. (The optical thickness of the additional window (1 mm) is small compared to that provided by the suprasil lens and the PMT window (>5 mm)). The remaining signal should thus be a measurement of stray light that arises from elastic scattering. The window can be moved in and out of the light path at time intervals of <1 s without affecting the sample gas flow.
We have made several tests for investigation of the origin of the background signal. The fluorescence signal was measured in different onqeq while the q•prnqil window wnq moved in and out of the light path between lamp and optical filter. A summary of the results is given in window in the light path, the fluorescence signal obtained in a mixture of 1 ppm CO in air is exactly the same as that in zero air, which confirms that the radiation from the lamp in the region responsible for the excitation of CO is indeed fully absorbed. The signal obtained in CO-free air without the window, however, is almost 1 order of magnitude larger than that with the window in place. When the fluorescence chamber is flushed with pure N 2 instead of zero air, again a much smaller signal is observed. The higher signal in N 2 than that in air with the window can be explained by the fact that the excitation radiation is strongly absorbed by molecular oxygen in the Schumann Runge continuum (o-= 1.1 x 10-•7 cm2/mol at 150 nm; Herzberg [ 1974] ). The results in Table 1 suggest that a large fraction of the background signal must be due to inelastic scattering by oxygen molecules. A mechanism that can explain the observations is continuum resonance Raman scattering. Figure 5 shows the potentials of the relevant electronic states of 02. When a photon is absorpted by an 02 molecule (R4) there is a certain probability not only for dissociation (R5), but also for transition to the ground state by emission of a photon (R6).
O2(X 3 •.•) + hv(X: 150 nm) •-> O2(B • E•) (R4) O2(B 3 •,f) •-> O(3p) + O(•D)
(R5)
O2( B3 •7 •-> O2( X3 •.(•-) q-hv(629 -> X -> 150 nm) (R6)
The ratio between the probabilities for dissociation and emission can be roughly estimated from the product of the duration of a vibration of the B 3Z5 state (about 10-13 s) and the Einstein coefficient for (R6), which should be around 10' alents, however, changes only by a factor of 3.4, that is, from 50 ppb to 150 ppb. In summary, the detection limit is somewhat better with the narrower bandwidth, but the signal-to-noise ratio above a CO mixing ratio of 50 ppb is better without the grating. Clearly, the higher sensitivity is mainly due to the low efficiency of the holographic grating in the existing instrument. The use of a more efficiently blazed grating would increase the light intensity by about a factor of 3. It is conceivable that a sufficient signal-to-noise ratio can be obtained by using a monochromator without the dielectric mirrors.
Another possibility to simplify the optical filter is to use only the dielectric mirrors for wavelength selection (as is effectively done when using the grating in zeroth order). In fact, we have redesigned the optical filter after the flights were made. In our new design, the lamp is imaged into the fluorescence chamber by means of two f/1.8 CaF2 lenses, with the two dielectric mirrors placed in the parallel part of the light beam. Because of the larger aperture and the better geometry (round apertures instead of a slit) of the imaging system, this design, in addition to being smaller, achieves a much higher sensitivity and a better signal-to-noise ratio [ZOller, 1995] . 
Dynamic Range
The linearity of the CO detector was tested by dynamic dilution of a standard mixture (5.2 ppm CO in air, AIRCO) with zero air, using mass flow controllers. The results arc shown in Figure 6 . Over a range of mixing ratios from 10 ppb to 5 ppm, systematic deviations from a linear response were not observed within the uncertainty of the dilution factors (2%) and the precision of the RF measurement (2 ppb or 1%, whichever is greater). In addition, the RF instrument was compared to a commercial gas filter correlation (GFC) CO monitor (TE 48 S, Thermo Instrument Systems) using CO air mixtures between 350 ppb and 12 ppm. Figure 7 shows the ratio between the mixing ratios measured by the two instruments as a function of the CO mixing ratio. Each level was sampled for 5 min to account for the slower response of the commercial instrument (30 s). The error bars include the stated nonlinearity of the GFC monitor (1% of full scale) and the statistical noise of both instruments (0.2-2%).
Measurements Made During NARE 1993
The Imperfect matching between the actual filling period of the bottles and the integration interval used for the continuous data can be excluded. The filling periods (typical duration 1-3 min) were exactly recorded in the flight protocol, and the signal measured by the RF instrument was averaged over that period. Only the change in the rate of filling was not taken into account for averaging the continuous data, which could result in higher residuals in case of high atmospheric variability in the CO mixing ratio during the filling period. However, the residuals show no correlation with the variability in the CO mixing ratio, [1994]. The sensitivity of the NOy detector was 0.5 c/s ppt and the conversion efficiency of the gold converter was 90% during flights A270 and A272 and 83% during flight A268. The efficiency of the gold converter was measured in both, ambient and synthetic air, with NO 2 produced by gas phase titration from the NO standard and with HNO3 from a thermostated and pressure-stabilized permeation tube that was calibrated by ion chromatography. Since the gold converter was mounted inside the C-130, using a 0.8-m-long perfluoralkoxy (PFA) inlet, we have also made extensive tests for potential losses of HNO 3 in the inlet. From these tests, significant inlet losses of HNO 3 were identified, which amounted to 30-50% below altitudes of 1 km. Above 3 km, losses were found to be less than 25%. The high losses in the moist ABL were confirmed by an 
